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creatine 1s added, and has suggested that perhaps 1t is
a particular balance of amino acids.that 1s required for
maximal enzyme activity, rather than the ability of any
single amino acid to inhibit or stimulate the level of
this enzyme. In a recent paper it was shown that the
injection of large amounts of creatine intraperitoneally
into normal rats failed to reveal any significant amount
of destruction of the compound, since 85% of the creatine
was recovered unchanged in the urine, and 6% was distri-
buted in the body (#1). In the light of the above
findings, it is apparent that much remains to be estab—
iished regarding the significance of dietaryfbreatine.
Some of the known relations of creatine phosphate
and carbohydrate metabolism are of interest. In this
regard 1t has long been recognized that in basic
disturbances>of carbohydrate metabolism, as in diabetes
mellitus, creatinuria occura. Similarly, carbohydrate
starvation results in creatinuria which can be abolished
by feeding sugar or ?rotein. The dependence of creatine
phosphate formation on oxidative phosphorylation re-
sulting from glycolysis and the aerobic 6xidation of
pyruvate and lactate is further evidence of the close
interactions that exist. Ord and Stocken (25) using
blobd perfusion studies with the hind limb of the rat
have demonstrated that rat skeletal muscle loses creatine
reversibly with a fall in circulating glucdse from 150

to 50 mg per 100 ml of blood. They also have shown that
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compounds known to interfere with glucose utilization,
such as sodium iodoacetate and dinitrophenol, produce a
loss of creatine from muscle.

In addition to the observation that alterations of
carbohydrate metabolism can affect creatine levels, there
is evidence to suggest that the reverse méy be true. In
1929, Hill et al. (20) reported that creatine given
subcutaneously or by mouth to fasting dogs decreased_the
blood sugar level, although never to a point which
produced convulsions. The administration of creatine
with glucose in an oral glucose tolerance tesF decreased
or abolished the subsequent rise in blood sugar.
Zquivalent doses of creatine on a weight basis adminis-
tered to fasting rabbits failed to produce hypoglycemia
(26). It was reported that a group of German workers
found a hypoglycemic effect in humans after the intra-
venous administration of 2 g of creatine, an effect
comparable to that resulting from 10 units of insulin (2).
The effect, however, was not additive to that of insulin.

Studies of effects on carbohydrate metabolism of
dietary creatine in rats have been reported. Todd and
Allen (35) had observed that rats prefed a diet containing
10% glycine exhibited marked hepatic glycogenesis in a
5-hour recovery period following a sbtress of swimming
in cold water. More recently it was observed that the

recdeposition of liver glycogen was eliminated and blood



glucose levels were decreased during tvhe recovery period
in rats prefed the same diet with 1% creatine added (35).
In 23 much as the glycogenic sction of glycine has been
attrivuted, at least in part, %o & stimulation of
slucoreogenesis, it was postulated that Tthis effect of
dietary creatine was to inhiblit the increased
gluconeogenesis regulving Ifrom dievtary glycine and
stress. Dietery crestizme was olserved To crease

liver glyvcogen in the resting state alsc, but no changes
were found in blood glucose levels at this time. Ilo
changes were found in muscle glycogen at either point

in, the experiment fop animalp receivivg the creatine—
suppiemented ration.

Since the previous observations indicate that
dietary creatine mey significantly influence carpokydrate
metabolism, the experiments to be described were designed
to stuly this relation by a more rigld approach. <he
experiments were planned to reduce carbohydrate stores
in rats to a basal level by fasting, and thsen, To

standardize feeding conditions for all

allowing a limited diet intake dvuring
Pewicd @f FlmeEd fter the rations cont

ine or 10% glycine plus 10% cre

the levels of blood glucose and tissue
e examined for changes at various time
voth groups. Witk this experimental de

aninels by

aining

either

3o

atine were eaten,

glycogen would
intervels in
sign, the onset,



magnitude, and duration of any effects of dietary
creatine night be more closely determined and serve

to help indicate the underlying mechanism. To study the
possibility that the effects on carbohydrate metabolism
might be mediated by an altered rate of gluconeogenesis,
preliminary studies of the pattern of glucose—Cl4

-incorporation into blood glucose and tissue glycogen

were carried out.
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determinations averaged 95% of the values obtained on
the sawme samples by the Somogyil modification of the
Shaffer-Hartman method (30).

The laked blood was deproteinized with NaOH and
ZnsSC, according to the method of Somogyi (29). Aliguots
of the filtrate were assayed for glucose.

Glycogen was isolated from liver and muscle as
described by Good et al. (18), modified by introducing
one alcohol reprecipitation of the glycogen. The glycogen
was hydrolyzed for 2.5 hours at 100°C in 5 ml of N H,S0,, -
The hydrolysates were nearly neutralized with N NaCH and
diluted to a volume that provided a concentraiion range
of glucose between 7.5 and 200 ug per ml. Aliguots of
thege hydrolysates were assayed for glucose, and calcu-
lated to glycogen by correcting for the additional
weight of glucose derived from the wabter addition during

hydrolysis.

Isotope Studies:

In the studies involving carbon-14, the diets and
experimental procedures were exactly as described for
The nonisotopic experiments, except that on the fifth
hour after ﬁhe mesl, each animal received 11 uC of
uniformly labeled glucose—-():l'i'L (Wew England Nuclear Corp.-
specific activity of 86 ul per mg glucose) in 0.5 nml
volume of water injected intraperitoneally. Animals
were sacrificed at hourly intervals for 5 hours
following the injection of the tracer glucose. Deber-

minations of blood glucose, liver glycogen, and muscle
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glycogen were performed as previously described, except
thet a larger portion of minced liver was regquired for
isolation of hepatic glycogen. In addition, the amount
of -glucose—C14 in tissue glycogen and blood glucose at
nourly intervals during the 5-hour period was ascertained.
Cnly the additional techniques regquired to prepare the
material for radioassay will be described in this sectiomn.

After removing an aligquot of the deproteinized
blood filtrate for glucose determination, the remainder
was passed through a well-washed 0.6 ¥ 10 cm ion exchange
column containing Amberlite MB~% resin to remove charged
moleculesg, as described by Nadkarni et al. (28). This
procedure was demonstrated in our laboratory to remove
quanvitatively amino acids, inorganic lons, and radio-
active, charged substances other than glucose from the
solutions. The columns were rinsed with water, and
50 nl of eluate was collected from each column. Since
the glucose concentration and specific activity of the
zlucose were often too low for‘assay at this point,
the solutions were concentrated by heating in an
evaporating dish to 80°C while gently blowing a'
stream of air across the surface. When the volume
was reduced to about 5 ml, aliguots were removed for
radioassay and determination of glucose concentration.

To mainbtain the hydrolysates of liver and muscle
glycogen in a concentrated form and in a known volune,

they were diluted in 25 ml volumetric flasks. Two nl
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aliquots from the liver hydrolysates were neutralized
and diluted appropriabtely for glucose assay. Since the
hydrolysates of muscle glycogen were much lower in
glucose initially, a second dilution was not necessary,
and glucose was determined on 0.15 ml portions from the
25 nl volumetric flask.

The remaining 23 ml of each hepatic glycogen hydrol-
ysate was passed through a 1.2 X 30 cm column of
Amberlite !MB-3 ion exchange resin to remove charged
substances. The columns were rinsed with water at a drip
rate of 15 drops per minute. To obtain a solutioh which
contained the greatest concentration of gluco%e, fouw 25 ml
fractions were collected from every column, and each fraction
was assayed for glucose. The second fraction almost always
contained the greatest concentration and was generally
used for radloassay. If all fractions were found to have
glucose concentrations that were too low to give signif-
icant counts abovelbackground, allrfour fractions were
combined and concentrated by evaporation of water.

for nuscle glycogen, a portion ofveach hydrolysate
was added to a centrifuge tube containing Amberlite IMB-3
ion exchange resin. An excess of resin was used, as
Judged by the failure of the indicator in the anion
exchanger to change color. The golution and resin were
swirled vigorously until thoroughly mixed, then centri-

fuged at 2000 rpm for 15 minutes to pack the resin.
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Aliguots were used for the determination of glucose and
for radiocassay.

All glucose golutions were assayed for radioactivity
by placing a 0.5 ml aliquot in 10.0 ml of diotol
scintillator solution, as described by Buhler (9).
Counting was performed in a Tri-Carb model 3000 Liguid
Sedmll sics am Spectrdmeter (Packard Instrument Co.) at
0°C with an 8.5% gain and a window calibration of 70-
1000. The efficiency of this method with this equipment
was determined to be 78.2% by placing an aliguot of a

diluted toluene—()lLIr

Standard (Packard Instrument Co.)
i

with 0.5 ml of water in 10.0 ml of the scintillator
solution. An aliquot of the same standard solution
was added to each sample after it was counbted and then
recounted to insure that the glucose solutions had no
guenching effect. The calculated specific activity of
the glucose from each source is expressed as
disintegrations per minute per ullole of glucose (dpm/wWi).

For the normal distribution of "t" values, the

table in the appendix of McNemar's Psychological

Statistics (New York: John Wiley & Soms, Inc., 1962)

was accepted for comparison with the wvalues calculated
from the data, and statistical interpretations of the
data were made on the basis of small sample theory using

this compariscn.
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Figure /1
Blood glucose levels, mg glucose/100 ml
blool, obtained from 48-hour fasted
male rats before and 2-16 hours after
eating 2.0 g 10% glycine diet or 2.0 g
10% glycine diet plus 200 ng creatine
during a single 30-minute feeding i
period. All times, in hours, are
measured from end of feeding period.

At the end of each bar is the mean
value for the number of observations

inside the bar plus or minus one

standard deviation of the mean.



BLOOD GLUCOSE LEVELS IN 48 HOUR FASTED RATS
AFTER 2.0 GRAMS OF DIET
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LIVER GLYCOGEN LEVELS IN 48 HOUR FASTED RATS
AFTER 2.0 GRAMS OF DIET

Fast| 6 | .52 + .28

Hours after Fating

N G 2.16 £ .29
6 2.02+.28

. Bé 2.84 ¢ .23
Al . I 276 + .46

N O 3.08 ¢ .42
L e 2.84 + 62
, 3.00 £ .33
6 2.68 £ .90
s WS - 2.56 +.37
6 [ | 2.79 + 38

s 7 2.47 t .42
i Il 1.85 + .50
N 2.49 ¢ 32
7 .25 ¢ .52
n 4 i DIETS
I1Z R Bl 0% osLvcine
" 31 ]
W 4 .88 + . 10% GLYCINE +
(17 0% CREATINE
. Nos. of animals vsed
T: 2.14 + .45 inside bars
S * P<.05
#% P <.00
[l I o-76 + .20
1 1 | 1 1 1

s ] l
050 1O 1.0 2.0 2.50 3.0 350 4.0
Percent Glycogen — wet weight
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MUSCLE GLYCOGEN LEVELS IN 48 HOUR FASTED RATS

AFTER 2.0 GRAMS OF DIET

Fast| 7 0.42 + .04
; 0.48 £ .04-
6 11111l | 0.51 £ .07
N G 0.54 + .06
6 0.49 ¢ .06
*6* 6 0.46+.04
- lle ] 054+ .04
. G 0.47 £ .06
6 | 0.48 + .04
NN G | 0.53 + .04
S {Ue JNON T EETCACCCOCAAT .51 ¢ .08
8 o 0.5 £ .04
< 0.47 £ .0
Nl G 0.52 ¢ 03
s |0
x> & 0.44 ¢ .05
N E 0.45 + .10 DIETS
9 0.41+.04
: Bl 0% eLvcine
12 e 0.47 £.07 10% GLYCINE +
6 Il 0.43 +.04 10% CREATINE
* Nos. of animals vsed
14 7 0.47 .05 ‘nside bars
7 A4t
“ Qutlis 54 * P<.05
* *% P<.02
’ 0.47 .05
[l [{[l[ 0.40 + .05
L1 ] 1 | | | 1 1 | 1 | | 1 | 1
0.38 0.42 0.46 0.50 0.54

n

Percent Giycogen — wet weight
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obtained from the 1 glycine-fed animal 9 hours after
feeding appeared lower than the specific activities
observed in the glycine-fed animals at the other 4
intervals would indicate. If a graph were drawn of

log bleood glucose specific activity as a function of time,
ugsing bthe data in Table j/#1 for glycine-fed rats, 4 of

the points would approximate a straight line function,
but the walue © houfé after eabting would fall below the
Line. SifEde it is Blse Gifficult %o explein a true
decreage in specific activity at this point followed

by a subsequent risge to fit the graph again at 10 hours,
it is assumed that the true value at € hours Efter eating
was higher than the table indicates.

Liver glycogen. Table #2 gives the values for liver

o

o1 of the exXpeh-

[

glycogen 6~10 hours following the ingest
imental rations and 1-5 hours following the injection of
glucose—Olq. Because of the small sample sizes and the
large variations that occurred in the values between
animals in these experiments, the apparent decreases in
liver glycogen levels at 9 and 10 hours after eating the
creatine-supplemented ration were not shown to be statis-
tically significant. The pattern of liver glycogen decrease
in creatine-fed animals was in fair agreecment with the
pattern found in the nonisotopic studies.

The pattern of gluoose—Cl4 incorporation into liver

glycogen in the 2 groups of animals during the 5 hour
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period following the isobope injection presents several
contrasts. In the glycine-fed animals there was a fair
correlation between hourly liver glycogen levels and the
degree of glucose—C14 incorporation, although the latter
varied to & greater extent. In the creatine-~fed animals,
such a pattern was not evident until the 4i& and 5% hours
after injection. In spite of equal or slightly decreasing
levelm of HAveEr glycegen in grealiime-fed aninals for the
first 3 hours after the injection, the specific activity
of the glycogen in these animals continued to increase
reaching a maximum value 1 hour later than was found Iin

3
glycine-fed animals. Although there were apparent

differences between the groups in the first 3 hours
after injecting the tracer glucose, only the differences

at 4 and 5 hours are statistically significant.

Muscle glycogen. Table ;3 indicates the values for

nuscle glycogen ©6-10 hours after consuming the experi-
mnental diets and 1-5 hours after Tthe isotope injection.
During these experiments no statistically significant
differences were found between groups for either levels

or specific activity of muscle glycogen. The failure.

of the levels found in these experiments to adhere

to the previously observed pattern in nonisotopic

studies, plus the large variations between rats at several

of the points make interpretation of the data difficult.
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Several workers have demonstrated increased glycogen
formation in rats (2, 10, 22) and mice (24) following the
oral administration of glycine. Todd et al. (35) observed
that rats prefed a diet containing 10% glycine for 24 hours
prior to a cold swim stress showed a marked increase in
their liver glycogen stores following a recovery period
after the stress. When animals were fed this diet
containing an additional 1% creatine, this capacity was
lost (36). TFurthermore, the animals receiving 1%
dietary creatine had prestress liver glycogen levels
that were less than half those in rats fed the diet
without added creatine. Decreased blood glucose values
were also noted in The creatine-fed animals after the
recovery period. No differences were found by these
workers in the blood glucose values before stress, or in
muscle glycogen values at either point in the experiments
when the diet included creatine.

The studies presented in this thesis differ in
design from those céﬁducted by Todd et al. (36). A
fast, to reduce carbohydrate stores preceded feeding
the two rations, and the total amount of food intake
was only 2 g compared to the 15 to 20 g which Todd
et al. fed in a 24-hour period. The amounts of creatine
ingested per rat were comparable in the 2 studies,
about 200 mg. The results from the present studies

substantiate and extend the previously mentioned
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possibilities exist. As with the alteration of level
of any metabolic pool, the explanation must be reached
by considering those factors that influence the rate of
inflow of metabolites into Tthe pool and those that affect
the rate of outflow from the pool.

Considering factors which decrease glucose inflow
into the carbohydrate pool, an irritant action of creatine
on the small bowel could decrease the transit time of
foods through this portion of the gut. These animals
nilght absorb less of the dietary foodstuffs and show
carbohydrate shortages later. Several observations do
not support this possibility. During the exp;riments
dlevary creatine was never observed to produce diarrhea,
nor were. differences between the glycine-fed or the
creatine-fed aﬁimals observed as far as behavior which
night' indicate distress. If the creatine animals had
absorbed less food due to bowel irritation, the decreased
glucose absorption should have been reflected in the
blood glucose concentrations early in the experiment.
After eating, however, the creatine animals exhibited
blood glucose levels that were equal to or greater thén
the glycine-fed animals at every interval measured for
the first 9 hours (Figure #l1). Intestinal irritation is
apparently not involved.

A more specific mechanism involwving the intestinal

mucosa is suggested by the similarity of structure of
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between levels of liver glycogen and amounts of hepatic‘
mitochondrial nitrogen in rats prefed 10% glycine plus
1% creatine following a cold swim stress. This obser-
vation suggested that creatine may have some directive
influence on protein metabolism. The explanation for
stimulated protein synthesis seems less likely when it
is considered that the effect occurs at a time when
amino aclds are more likely to be broken dowWwn to produce
glucose.

Of the remaining possibilities such as diet induced
stress or increased metabolic rate engendered by the
additional creatine, little can be said for lack of
information, but one possibility deserves further
consideration. The fact that blood glucose, liver
glycogen, and muscle glycogen levels decreased signif-
icantly and simultaneously at 10 hours after feeding
creatine might indicate that the confines of the extra-
cellular glucose pool have suddenly increased. This
situation would be the case if creatine were to alter
membrane permeability or stimulate peripheral uptake of
glucose to such a degree that a previously inaccessible
compartment were suddenly made available to extracellular
glucose. Such an effect might be indirect and mediated
through increased insulin activity. Since the creatine
ordinarily synthesized by the liver is known to be

stored as creatine phosphate in muscle tissue, it is



vossible that the increased plasma concentration of
creatine exerts some direct effect on muscle cell.

Ord et al. (25) have shown that fluctuations of blood
clucose concentrations affect the movement of creatine

in and out of nuscle cells. It is possible that the
reverse 1s true. Increased creatine may require additional
glucose uptake for some process such as oxidative phos-
phorylation. In‘such a case no increase, but even a
decrease in muscle glycogen, as was observed in the
present sbtudies, might occur (Figure #3). Benedict et
al. (3) have shown that small amounts of diebtary creatine
are converted %o creatinine, implying that tﬁey have
passed through creatine phosphate, a pathway establisihed
by the work of Borsook et al. (8). Tiske et al. (13)
found no increase in creatine phosphate after injecting
creatine, however. Van Pilsum's studies (41)

showing that 83% of injected creatine was excreted in

the urine in 48 hours, do not decrease the possibility
that large amounts of creatine were bound temporarily

by some complex intracellularly.

Prelininary Isotopic Studies:

To facilitate understanding, that space in the
rat containing glucose which is in free equilibrium with
blood glucose is defined as the exftracellular glucose

pool in this discussion. The equal levels and specific
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fgilure of the blood glucose level to rise must mean
that the ouflux of glucose from the extracellular
glucose pool had increased by approxinmately two fold.
Only if dilution had occurred from free equilibration
of the extracellular glucose pool wlth some previously
inaccessible portion of the total body glucose pool of
equal size and giucose concentration, could the observed
blood glucose dilution have occurred with no net loss
of glucose from the extracellular pool. In such a case
there would be no increased inflow of glucose from any
source necessary to maintain a constant level of blood
zlucose. ZReasoning will be presented to show that
glucose inflow into the extracellular pool is increased

-

and the source of dilution must, at least in part, be
Liver Zlyc@gen:

Stetten and Stetten have shown that liver glycogen
is an inhomogenous substance (31-34). In tracer studies
of less than 12 hours duration in rats, the incorporated
radiocactivity was restricted to the outer tiers of the
glycogen molecules, and the smaller molecules incorporated
activity to a‘greater extent. These findings may have
a bearing on the interpretation of data obtained in the
present study.

A comparison of rates of glucose—014 incorporation
into liver glycogen depends upon the assumption that the

precursor glucose is. equally labeled for both groups.
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Cahill et al. (11) have shown that blood glucose is in
free equilibrium with liver cell glucose. Thus, the
findings of equal, hourly, blood glucose specific activ-
ities in both glycine-fed and creatine-fed groups
satisfies this assumption for the first 3 hours after
injection of the tracer glucose, so long as it is also
assumed that the conditions of the experiment did not
alter liver cell membrane permeability in any way.

The presence of approximately equal levels of liver
glycogen in both groups of rats from 6 to 8 hours after
eating, indicates that no alterations in net synthesis
resulting from glycogen synthesis and degradation existed
between the groups (Table #2). The lower specific
activities of liver glycogen in the creatine-fed animals
1 hour after injection of the tracer glucocse and the
hour delay in achieving a maximum level of specific activ-
ity compared Lo the glycine-fed animals suggest that the
rate of glycogen synthesis in the creatine-~fed animals
was less than that observed for the glycine~fed animals.
Since no statistically significant differences were
found during this period, the evidence is not conclusive.

At 9 and 10 hours after eating, the decreased liver
glycogen levels in creatine-fed rats is evidence that
the rate of glycogen degradation was predominating over
the rate of glycogen synthesis in these animals. The

resultant removal of previously incorporated tracer
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SUMMARY

It has been ohserved in studies by other investi-
cators that rats prefed diets containing 107 glycine had
an increased abillity to redeposit liver glycogen after a
recovery period following stress. When the same diet
containing 1% creatine was fed, the animals not only
lost this ability, but also had lower blood glucose
levels. In addition, the liver glycogen levels in
creatine~fed rats prior to stress were less than half
those found in animals fed the diet without creatine.

In this thesis studies are presented that have
been conducted in rats with the conditions of the
experiment altered to reduce carbohydrate stores prior
to feeding the diets. The time and quantity of food
intake were standardized by restricting the meal to 2 g
of diet in a 30-minute period. With this design certain
aspects of carbohydrate metabolism could be observed
closely in an anabolic and catabolic phase during the
following 16 hours.

No significant differences in blood glucose or
tissue glycogen levels between glyciné—fed and creatine-
fed rats were found during the first 8 hours after
eating. After 8 hours for hepatic and muscle glycogen
and after 9 hours for hlood glucose, decreased levels
were observed in the creatine-fed rats compared to the

levels in animals receiving no creatine. These decreases



from © to 16 hours after eating were statistically

-

[

significant at various times for each substance, but
all exhibited statistically significant decreases at
10 and 14 hours after feeding.

Preliminary studies with glucose-cl4 injected
intraperitoneally 5 hours after the experimental rations
were eaten indicated that the reduction of liver glycogen
levels in creabtine-fed rats was a result of an absolute
in crease in the rate of liver glycogen degradation at
9 and 10 hours after eabinmz. This imereased raue o
liver glycogen breakdown was probably secondary to the
accelerated rate of renoval of glucose from the extra-
cellular glucose pool which was observed to occur
simultaneously. The site of increased glucose outilow
from the extracellular glucose pool was not identified.
The possibility that increased amounts of glucose were
shunted into fatty acid synthesis or taken up at some
peripheral site as a result of the dietary creatine
is discussed. With the limited data available, no

conclusive explanation was reached.
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